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University. The IACUC committee members at Provincial Hospital Affiliated to Shandong University approved this study. All efforts were made to minimize the number of animals used and their suffering. Twenty four weeks old female mice were kept in a temperature (21 ± 2°C) and humidity (55 ± 10%) controlled room on a 12: 12 light dark cycle (light 7AM-7PM) with a normal calcium level (0.6% Ca) control diet for 2 days before the treatment. Mice had ad libitum access to water and food. Five mice were sham-operated while the rest of the mice underwent ovariectomy (OVX) to induce bone loss at the age of one month. After recovering for 2 weeks, OVX mice were randomly divided into three groups: OVX vehicle (PBS), OVX naringin (5 nM) and OVX naringin with PTH. Control group is sham vehicle. Mice were pair-fed with the control diet, received treatment orally for 6 weeks according to previous study [32] . At the end of treatment, the mice were anaesthetized with 10% ketamine (75 mg/kg; Alfamedic Limited). Bone specimens from femur, tibia and lumbar spine were collected and stored at -20 o C until analysis.
Naringin extraction and identification
Naringin was extracted from 3.0 kg of DF. In brief, DF were cut and washed in 60% (v/v) ethanol for three times and 2 hours each time. The filtrations were collected and concentrated under a reduced pressure. After adding some distilled water, DF was eluted using equal volumes of petroleum ether, ethyl acetate and n-butyl alcohol. 24 .0 g DF extract was obtained and separated by the column chromatography ulteriorly. The gradient elution by chloroform-methanol from 100:0 to 1:1 was utilized. The eluate was further eluted by thin layer chromatography (TLC) and 7 extracts were collected (Fr. 1 to Fr. 7). Fr.5 was further filtered by ODS column chromatography under reduced pressure and SephadexLH-20 silica column chromatography. Eventually, methonal-water (v:v=1:1) was used to elute the extract. The compound (10.5 mg) obtained was naringin and was then analyzed by high performance liquid chromatography (HPLC) equipped with a Waters 1525 pump, a 2707 auto sampler and a 2998 PDA detector.
Culture of rat osteoblastic UMR-106 cells
UMR-106 cells were purchased from Shanghai Tongpai Biology Company and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin 100 U/ml and streptomycin 100 mg/ml at 37°C at a density of 3.5×10 3 , 2.5×10 4 and 5×10 4 cells per well in 96-well, 24-well or 6-well plates respectively for different assays. After 48 h, the medium was changed to phenol-red free DMEM supplemented with 1% dextran-charcoal-stripped serum (sFBS) for 24 h. Different concentrations of naringin (0, 0.5, 1, 5, 10 and 20 nM) were examed to determine a concentration exerting maximum effects on cell proliferation. For the assessments of the mRNA and protein expressions of β-catenin, cells were treated by vehicle (PBS) as control, Wnt3a (10 ng/ml), Dkk1 (100 ng/ml), naringin (10 nM), naringin (10 nM) + Dkk1 (100 ng/ml) and naringin (10 nM) + FH535 (10 μM). When indicated, cells were divided into four groups treated by control, naringin (10 nM), naringin (10 nM) + dorsomorphin (100 nM), and naringin (10 nM) + Akti-1/2 (200 nM), respectively.
Isolation of Nuclei and Cytosol
Nuclei and cytosol were isolated using a nuclear extract kit (NE-PER Nuclear and Cytoplasmic Extraction Reagents, 78833, Pierce) according to the manufacturer's instructions. Briefly, cells were harvested with trypsin-EDTA and span down at 500×g for 5 min. Then CER I and CER II were added on ice subsequently with necessary centrifugation, followed by spinning down to collect the cytoplasmic extracts. The pellets were resolved in NER solution and collected. All samples were stored in -80°C until use.
Cell proliferation assay
The cell proliferation rate employed a BrdU incorporation assay. After distinctive treatments, BrdU (10 ng/ml) was added to the media. Then the cells were incubated for 4 h and washed. Cells were fixated and then stained with the BrdU antibody by using a BrdU staining kit (Roche Applied Sciences, Branford, CT, USA) following the manufacturer's instruction. O.D. (Optical Density) has measured at 450 nM.
Real-time quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) analysis
Total RNA from cells were extracted by RNeasy Mini Kit (Qiagen). Quality and quantity of RNA were measured by NanoDrop 8000 spectrophotometer (Thermo Scientific). 1000 ng RNA was used for each reaction to produce cDNA using high capacity cDNA reverse transcription kit (Applied Biosystems) C before gene expression assay. Each PCR reaction mixture contained 10 µl 1×PCR master mix, 5 µl diluted cDNA, 4 µl water and 1 µl probe. Gene expression was measured with quantitative real-time RT-PCR system. The primers are: for GAPDH, 5`-ACATTTTGCTGATGACTG G-3` and 5`-TGAATGGTAGGAGCTTGA CT-3`; for β-catenin, 5`-ATATTGACGGGC AGTATGCA-3` and 5`-TCAAACTGCGTGGATGGGAT-3`; for COL1, 5`-ACATGC CGTGACTTGAGACTCA-3` and 5`-GCCAGACGTGTTTCTTGTCCTT-3`; for ALP, 5`-ACGAGCTGAACAGGAACAACGT-3` and 5`-CACCAGCAAGAAGAAGCC TTTG-3`; for Runx2, 5`-TGAGCTGAGAGGGCATATGGCC-3` and 5`-TAGACA CCA AACTCCACA GCCC-3`.
Western blot analysis
The β-catenin (~92 kDa) expressed was determined by Western blot. Cells were harvested and lysed with lysis buffer (RIPA, Abcam). Each sample was added into 20 μl 2× sample loading buffer (0.125 M of 5 M Tris-HCl, amresco; 20% glycerol, usb; 4% of 10% sodium dodecyl sulfate, amresco; 1% β-mercaptoethanol, amresco; 0.2% of 0.05% (w/v) bromophenol blue, sigma). Actin was used as a control. The samples were boiled for 5 min before loading. 10% running gel (25% of 40% acrylamide stock, Beyotime; 0.375 M of 1.5 M Tris-HCl, pH 8.8; 1% of 10% sodium dodecyl sulfate; 1% of 10% ammonium persulfate; 0.1% Tetramethylethylenediamine) was utilized. The gel was transferred to a same size membrane (Nitrocellulose transfer membrane, Protian) within transfer buffer (25 mM Tris base, 192 mM glycine, 0.037% sodium dodecyl sulfate, and 20% methanol) under 45 V for 40 min. The membrane were then incubated in 1st antibody [Phospho-β-Catenin (Ser552) Antibody #9566, CST; β-Catenin Antibody #9581, CST; β-Actin Antibody sc-47778, Santa Cruz] with a 1/1000 dilution in blocking buffer (50 mM Tris base; 100 mM NaCl; 0.02% Tween 20; and 3% BSA) overnight. The membrane was washed by TTBS (0.1% Tween 20, 10 mM Tris base, 100 mM NaCl, pH 7.5) for three times before adding secondary antibody (ab6721, Abcam) with 1/5000 dilution in blocking buffer for 2 hours. Background color was reduced carefully by washing with TTBS. The results were visualized using ECL kit (Abcam) and observed by GeneGnome mechine (Syngene).
Transient transfection and ER-mediuated luciferase activity assay
Cells were transfected by Lipofectamine™ 2000 reagent. Lipofectamine 2000 was incubated in Dulbecco's Modified Eagle Medium for 5 min. Then it was incubated with diluted ER-α, ER-β and EREcontaining luciferase reporter plasmid vERETkluc for 20min before adding into Dulbecco's Modified Eagle Medium with 10% fetal bovine serum. Also, 0.4 mg per well ER-a or ER-b plasmid, 0.4 mg per well vERETkluc, together with 0.1 mg per well internal control reporter plasmid pRL-TK, a Renilla luciferase control vector, were co-transfected into the cells in duplicate. After overnight transfection, the cells were treated with vehicle, naringin (10 nM) or naringin with Dkk1 (100 ng/ml) for 24 h. After treatment, the cells were lysed with lysis buffer and luciferase activity was measured using Dual Luciferase. Reporter Assay System (Promega Corporation) and the signal were detected by TD-20/20 Luminometer (Turner Design, Sunnyvale, USA).
Alkaline phosphatase assay ALP activity was measured directly on the monolayer of cell cultures on a ninety-six-well microplate after treatments with vehicle, naringin or PTH. The assay was carried out by incubating the cells with 10mM-p-nitrophenylphosphate for 30 min at 37 o C. The absorbance of color change was measured at 405 nm in a microplate reader. A Bradford protein assay was carried out to normalize ALP expression and as ALP activity was expressed U/l per mg protein.
Assessment of bone properties by peripheral quantitative computed tomography (pQCT)
Bone mineral density (BMD), cross-sectional area and stress-strain index (SSI) in the distal femur, proximal tibia and lumbar spine region L1 were measured using a StraTecXCT2000 machine (Norland Stratec Medizintechnik, GmbH, Birkenfeld, Germany). Mid-shaft and distal/proximal regions of femur and tibia were scanned. The distal/proximal site was defined as 2.5 mm away from femur/tibia head. The midshaft was the middle region of each long bone. All scans were performed using the protocol designed for studying isolated small bones [33] .
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Bone stiffness measures Bone stiffness was measured using a specified 3-point bending test [34] . The anterior side, which was the point receiving compression, was placed upwards. Known loads were applied on the middle of femur, tibia or lumbar spine until fracture occurred. All the specimens were pressed at a displacement of 5 mm/ min, and a load-deformation curve was plotted simultaneously. Bone stiffness was determined from the load-deformation curve.
Statistical analysis
All values are expressed as means ± standard deviation. The in vivo data were analyzed using one-way ANOVA followed by Tukey's post-test and the in vitro data were analyzed by the non-paired Student's t test between different groups using the GraphPad PRISMw software package (GraphPad Software, Inc.). P<0.05 were considered as significant.
Results

Naringin enhanced Wnt/β-catenin signaling pathway
We first examined the effects of different concentrations of naringin on UMR-106 cell proliferation. With the increasing concentration of naringin from 0.5 nM to 10 nM, cell proliferation was significantly accelerated (Fig. 1A) . A further increase of naringin concentration to 20 nM did not lead to obvious change in cell proliferation compared to 10 nM. Therefore, 10 nM was employed as the optimal dosage in further investigation on the functions of naringin in Wnt/β-catenin signaling pathway.
To investigate the influences of naringin on β-catenin regulation, UMR-106 cells were divided into six groups: control, Wnt3a, DKK1, 10nM naringin, Dkk1+naringin and FH535+naringin respectively, and the mRNA level of β-catenin in each group was measured. The results showed a striking increase in the mRNA level of β-catenin (p<0.001) by Wnt3a treatment (Fig. 1B) . In contrast, DKK1 significantly reduced mRNA level of β-catenin (p<0.001), due to its inhibitory role in Wnt signaling pathway. Naringin treatment significantly elevated the mRNA level of β-catenin (p<0.01) compared to the control group. DKK1+naringin and FH535+naringin treatments significantly reduced mRNA levels of β-catenin compared to control group (DKK1+naringin, p<0.05; FH535+naringin, p<0.01). In comparison with naringin treatment, DKK1+naringin and FH535+naringin consistently inhibited the mRNA levels of β-catenin (DKK1+naringin, p<0.01; FH535+naringin, p<0.001).
To further confirm the effect of naringin on β-catenin regulation, we next examined the protein expression levels of β-catenin in each group using western blot analysis. The relative expression was normalized to β-actin and is illustrated in Fig. 1D . As expected, Wnt3a dramatically elevated the protein expression of β-catenin (p<0.001) whereas DKK1 led to a significant decrease in the protein level of β-catenin (p<0.01). In addition, naringin treatment markedly promoted the protein expression of β-catenin (p<0.01). It was also observed that DKK1+naringin and FH535+naringin treatments significantly reduced the protein expressions of β-catenin compared to control group (DKK1+naringin, p<0.05; FH535+naringin, p<0.05) or naringin treatment group (DKK1+naringin, p<0.01; FH535+naringin, p<0.01). Taken together these results were consistent with the results of the mRNA levels of β-catenin in each group, which clearly demonstrated that naringin treatment enhanced Wnt/β-catenin signaling pathway.
Phosphorylation of β-catenin by naringin via AMPK and Akt signaling
There have been numerous reports showing that phosphorylation could greatly affect the expression and localization of β-catenin. By screening, we found that the phosphorylation on residue S552 was enhanced upon Naringin application. Therefore, we then investigated the protein expressions of phospho-β-catenin in UMR-106 cells treated by control, 10 nM naringin, 10 nM naringin+100nM dorsomorphin, and 10 nM naringin+200 nM Akti-1/2, using phospho-β-catenin (Ser552) antibody. Fig. 2A shows the results of (p<0.001), naringin + dorsomorphin treatment (p<0.001) and naringin + Akti-1/2 treatment (p<0.01), compared with control. This result clearly indicates the LEF/TCF transcriptional activity was repressed by additions of Akti-1/2 (p<0.01) or dorsomorphin (p<0.001) compared with naringin treatment alone. It would be interesting to point out that 24 hours after naringin treatment, the increase in the transcriptional activity was attenuated to about half of that of 8 hours, reflecting the half-life of naringin-induced activation of the β-catenin pathway.
Naringin stimulated β-catenin translocation
To unambiguously reveal whether the Ser552 phosphorylation of β-catenin by naringin leads to the activation of β-catenin, we next examined the translocation of β-catenin from cytoplasm into the nucleus in UMR-106 cells treated by Akti-1/2 or dorsomorphin in the presence or absence of naringin. We found that UMR-106 cells with naringin treatment displayed β-catenin accumulation in cell nucleus (Fig. 3A) , and this finding was further confirmed by western blot results. Indeed, naringin treatment induced translocation of β-catenin, accounting for the increased relative expression of β-catenin (p<0.001) in the nucleus of UMP-106 cells treated by 10 nM naringin compared to its expression in the nucleus of control cells (Fig. 3B and C) . β-catenin translocation was repressed when Akti-1/2 or dorsomorphin was applied together with naringin, suggesting that naringin could participate in the regulations of AMPK or Akt signaling to regulate the activation of β-catenin. Additionally, the repression did not compensate the effects of naringin on the nuclear accumulation of β-catenin in UMP-106 cells, since significantly higher levels of β-catenin were found in cells treated by naringin + Akti-1/2 (p<0.001) or naringin + dorsomorphin (p<0.01)
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Naringin facilitated bone development in mice
Next we measured the effects of naringin on bone development in an in vivo mouse model. The mRNA levels of ALP, Runx2 and COL1 were assessed under increasing dosage of naringin, at 0, 0.5, 1, 5 and 10 mg/Kg/Day respectively, to determine the optimal dosage of naringin treatment in vivo. Since the mice under 5 mg/Kg/Day naringin treatment exhibited the maximum levels of ALP, Runx2 and COL1 mRNA expression, this dose was utilized in further experiments of this study (Fig. 4A ).
Mice were sham-operated as control or underwent OVX to induce bone loss. After 2 weeks recovery, OVX mice were randomly divided into three groups, OVX vehicle, OVX naringin and OVX parathyroid hormone (PTH). We found the ALP activity was significantly decreased in OVX vehicle mice compared to sham vehicle mice (p<0.05), whereas naringin and PTH treatment significantly recovered ALP activation in OVX mice (Fig. 4B) . Moreover, BrdU was used to detect proliferating cells in sham and OVX mice. OVX led to a significantly reduction of cell proliferation compared to sham mice (p<0.001) (Fig. 4C) . OVX mice treated by naringin or PTH showed significantly increased proliferating cells compared to OVX vehicle mice. These results indicate that naringin exerts protective function on bone development.
We continued to investigate whether naringin could alter BMD, cross-section area, SSI and bone stiffness. Table 1 summarizes the effects of various treatments for 6 weeks on BMD, cross-sectional area and SSI of three regions, namely distal femur, proximal tibia and lumbar spine L-1 respectively, in the sham and OVX mice. Compared to sham mice, OVX dramatically decreased the total and trabecular BMD in the distal femur, proximal tibia and lumbar spine L-1 regions, indicating OVX can be used as a mimic of osteoporosis. 5 mg/Kg/Day treatment of naringin on OVX mice strikingly improved both total and trabecular BMD at all of the regions compared to OVX mice. However, dorsomorphin and Akti-1/2 treatments diminished the effects of naringin on total and trabecular BMD. OVX mice also showed decreased total and trabecular cross-sectional areas at all of the three sites compared to sham mice, whereas 5 mg/Kg/Day naringin significantly reversed these decreases. Dorsomorphin treatment on OVX mice treated by naringin significantly reduced total cross-sectional area at distal femur and proximal tibia, as well as trabecular cross-sectional area at proximal tibia, compared to naringin treatment on OVX mice. Only trabecular cross-sectional area at proximal tibia was significantly decreased in OVX mice treated by naringin and Akti-1/2, compared to that of OVX mice treated by naringin. SSI, referring to bone strength determined by pQCT, was significantly weakened by OVX at the three sites compared to sham mice, while naringin treatment markedly improved SSI in OVX mice. Dorsomorphin had a significant negative influence on SSI at distal femur and proximal tibia, while Akti-1/2 significantly reduced SSI at proximal tibia compared to naringin treatment on OVX mice. These above results demonstrated the positive influence of naringin on bone development and confirmed the involvement of naringin in AMPK and Akt signaling in vivo.
Bone stiffness was also measured in distal femur, proximal tibia and lumbar spine L-1 in the sham and OVX mice, which are summarized in Table 2 . OVX diminished bone stiffness at all of the three regions tested. Naringin recovered the bone stiffness loss in OVX mice. The relevance between naringin and AMPK and Akt signaling was further supported by the reductions of bone stiffness by dorsomorphin or Akti-1/2 treatments on OVX mice treated by naringin. 
Discussion
Functions of naringin in bone development are largely unknown. In this study, we evaluated the osteoprotective effects and proposed the relationship between naringin functions and AMPK and Akt signaling using both in vitro and in vivo approaches. We demonstrated that naringin treatment had a positive influence on the Wnt/β-catenin signaling by enhancing both transcriptional and translational levels of β-catenin. In addition, β-catenin was phosphorylated on Ser552 residue by naringin, while AMPK and Akt were shown to be involved in this process. The Ser552 phosphorylation by naringin affects β-catenin translocation to the nucleus of UMR-106 cells, which was repressed by blocking AMPK and Akt signaling. These findings were further confirmed in vivo that naringin improved bone development in OVX mice, whereas dorsomorphin and Akti-1/2 treatments diminished the effects of naringin. Taken together, these results demonstrate that naringin exerts a protective function on bone development via interacting with AMPK and Akt signaling.
Wnt/β-catenin signaling pathway has been demonstrated as a clinical target for treatment of osteoporosis. Wnt signaling regulates bone formation by stimulating the development of osteoblasts. Activation of Wnt leads to its binding with a dual receptor composed of LRP5/6 and FZD receptors, resulting in the inactivation of GSK-3β and accumulation of cytosolic β-catenin. The accumulated β-catenin then translocates into the nucleus where it binds TCF/LEF transcription factors to activate transcription of Wnt-responsive genes involved in cell proliferation and differentiation [35] . In the absence of Wnt activation, β-catenin is constantly degraded by the proteasome employed by β-catenin phosphorylation, which occurs in a complex consisting of tumor suppressor proteins adenomatous polyposis coli (APC), Axin, and GSK-3 [36, 37] . Our results showed that the increase of Wnt elevated the mRNA and protein levels of β-catenin whereas Dkk1 decreased them, which are consistent with previous studies that Dkk1 interacts with LRP6 to prevent the formation of the LRP5/6-Wnt-FZD complex [38] . Additionally, Dkk1 and FH535, a synthetic inhibitor of the canonical Wnt signaling pathway, completely abolished the effects of naringin on promoting β-catenin expression. Since Dkk1 inhibits Wnt signaling via LRP6 and FH535, which was proposed to stabilize Axin to facilitate β-catenin degradation, it can be implied that naringin may be involved in enhancing Wnt activation or blocking Axin function.
Under normal circumstances, the phosphorylation of β-catenin at residues 37 and 33, which results in its rapid degradation by proteasome, is the key step in turning off Wnt signaling [39] . The unphosphorylated residues 41, 37 and 33 of β-catenin are recently reported to be specifically mediated in Wnt signaling, and the phosphorylation of these residues may promote nuclear export [40, 41] . However, β-catenin can also be activated by growth factors such as insulin-like growth factor-1 and insulin [42, 43] . Insulin phosphorylates GSK-3 through phosphatidylinositol 3-kinase-activated Akt, leading to the inactivation of GSK-3 and augmentation of β-catenin to induce glycogen synthase (GS) [44] [45] [46] . Akt stimulates cell proliferation and also phosphorylates β-catenin at Ser552 residue [47] . Instead of degradation, this phosphorylation of β-catenin increases its stabilization and transcriptional activity [47, 48] . It was reported that AMPK may also be involved in stabilizing β-catenin by phosphorylating Ser552 [49] . We found that phosphorylation at Ser552 on β-catenin was significantly promoted by naringin treatment, which in turn activatedTCF/LEF transcription factors. Akti-1/2 is an allosteric inhibitor of Akt1 and 2 and dorsomorphin is a potent and reversible ATP-competitive inhibitor of AMPK [50, 51] . Interestingly, the additions of Akti-1/2 or dorsomorphin in UMR-106 cells treated by naringin partially reduced the effects of naringin on activating β-catenin, suggesting that naringin may participate in the regulation of β-catenin via promoting AMPK and Akt to stabilize β-catenin and inactivate GSK-3. It was reported that dorsomorphin could also inhibit BMP signaling through the SMAD pathway, likely by affecting BMPR-I kinase activity [52] . It is possible that naringin may also facilitate BMP signaling, which needs to be further investigated. The translocation of β-catenin into the nucleus by naringin treatment could be caused by the accumulation of activated Cellular Physiology and Biochemistry β-catenin in cytoplasm, since Akti-1/2 and dorsomorphin treatment reduced β-catenin in the nucleus. However, the mechanism of β-catenin translocation from cytoplasm into the nucleus remains unclear, and it will be interesting to examine whether naringin plays a role in β-catenin translocation as well. We demonstrated that naringin exerted a function to increase bone development in vivo. It significantly improved the bone quality in an OVX mouse model, which mimicks postmenopausal women lack of estrogen. RANKL, which is necessary for osteoclast differentiation, is inhibited by decoy receptor osteoprotegerin (OPG) [53] . Estrogens favoring OPG but suppressing RANKL expressions in osteoblasts mainly attributes to bone formation. Parathyroid hormone (PTH) has been employed in treating bone loss in postmenopausal women by reducing RANKL and increasing OPG. ALP expression level is related to osteoblast and can be controlled by BMP-2 [8] . However, this induction of ALP partly relies on Wnt signaling. We have demonstrated here that naringin may not be a part of inducing Wnt proteins. Hence, the action of naringin is possibly linked to BMP signaling. Based on our study, ALP activity and cell proliferation were significantly improved by both naringin and PTH treatment, indicating that naringin functions in not only stabilizing β-catenin but also inducing BMP signaling and Akt promoted cell proliferation.
Previous study found that the activation of AMPK could induce the expression of BMP-2 to gain bone mass and improve bone quality [54] . BMP-2 is an osteogenic factor, which synergizes with β-catenin to direct osteogenic lineage allocation and contribute to new bone formation [55] . BMP-2 was previously reported to play an important role in osteogenic differentiation of vascular smooth muscle cells via Wnt/β-catenin signaling pathway, suggesting an underlying mechanism linking function of naringin with BMP-2 and Wnt/β-catenin in osteogenesis [56] . Additionally, the AMPK inhibitor dorsomorphin in this study exhibited a negative impact on naringin function, suggesting naringin may promote AMPK to stabilize β-catenin and in turn activate BMP signaling. The activation of BMP-2 by naringin via Akt in osteoblasts was also documented [28] . Taken together, the protective function of naringin in bone development by stabilizing β-catenin through AMPK and Akt signaling can be implied in the present study.
Conclusion
In conclusion, our study highlights a new finding on the mechanism of naringin functions in bone development. Actions of naringin involve the recruitments of AMPK and Akt signaling. We confirmed in this study that naringin treatment exerts protective role in bone development, which is consistent with other studies. Our results suggest that naringin facilitates phosphorylation of β-catenin at Ser552 residues which stabilizes β-catenin and leads to the translocation of β-catenin into the nucleus. The functional relationship between naringin and AMPK and Akt should be taken into consideration for the understanding of the mechanical pathway of naringin. Finally our current study supports the role of naringin as a potential therapeutic agent in treating osteoporosis.
